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Abstract 
The design freedom brought by additive manufacturing (AM) can be leveraged in the design of 
microchannel heat sinks to improve their cooling performance. The permeable membrane 
microchannel (PMM) heat sink geometry was inspired by the ability of powder bed AM 
processes to fabricate partially porous metal parts having small internal flow features on the 
order of the powder size. The design routes coolant through a parallel array of thin permeable 
membranes arranged in a single-layer-manifold configuration. The permeable membranes 
provide effective heat exchange surfaces and the manifold configuration yields a low flow 
resistance across the PMM heat sink, all incorporated in a single layer by the use of AM. Past 
work has introduced the PMM heat sink concept, but the optimal geometric feature sizes were 
not explored or identified. The n current study is first to explore design optimization of the PMM 
heat sink to identify target feature sizes for AM fabrication, assessment of the conditions under 
which the PMM geometry outperforms other standard microchannel heat sink designs, and 
inspection of the ability of metal 3D printing process to produce the optimal features. To this 
end, a reduced-order PMM heat sink model is developed, a gradient-based-multi-objective 
optimization is performed to identify the optimal feature sizes for different coolants (water and 
48/52 water/ethylene glycol mixture) at different flow rates (100 – 500 mL/min), footprint areas 
(49 – 900 mm2), and channel heights (0.5 – 2.5 mm).  The optimization results are benchmarked 
against an optimized straight microchannel (SMC) heat sink design. Optimized PMM designs 
offer up to 68% lower thermal resistance at a set pressure drop compared to optimized SMC 
designs. A pair of SMC and PMM heat sinks optimized for the same operating conditions are 3D 
printed using direct-metal-laser-sintering (DMLS) of AlSi10Mg. X-ray microtomography is used 
to characterize the geometry of the 3D-printed parts. The model identifies that optimal 
membrane gap sizes on the order of ~10s μm are required for the PMM to realize performance 
advantages compared to SMC heat sinks under the same operating conditions. The performance 
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is predicted to be highly sensitive to this pore size, and even though DMLS is shown to produce 
parts with gaps as small as 26.7 microns, morphological deviations between the design and as-
printed part are shown to lead to noticeable performance differences. Albeit excellent 
performance potential reinforced by this work, these findings call for further AM process 
development to ensure reliable, as-predicted PMM heat sinks to realize this potential. 
Keywords 




Ac membrane fin cross-sectional area, m
2 
As pin fin surface area, m
2 
cp coolant specific heat capacity, J/kg-K 
DH hydraulic diameter, m 
fc cost function, - 
fF,dev developing flow Fanning friction factor, - 
fF,fd fully developed flow Fanning friction factor, - 
H fin/channel height, m 
Hb base thickness, m 
h̅ average convection coefficient, W/m2-K 
K∞ Hagenbach factor, - 
k thermal conductivity of the solid, W/m-K 
kf thermal conductivity of the coolant, W/m-K 
Ldev hydraulic development length, m 
Lh header length, m 
Lhs heat sink length, m 
m  weighting factor, - 
P pressure, Pa  
Pn normalization factor for pressure drop, Pa 
Q total heat input to the heat sink, W 
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q heat transfer, W 
q” heat flux, W/m2 
Rn normalization factor for thermal resistance, K/W 
Rth thermal resistance, K/W 
Re channel flow Reynolds number, - 
Rew suction/injection flow Reynolds number, - 
T temperature, K 
Tf,min inlet coolant temperature, K 
Tmax maximum fin base temperature, K 
tf fin thickness, m 
tm membrane width, m 
uin inlet channel flow speed, m/s 
um superficial flow velocity across the membrane, m/s 
uout outlet channel flow speed, m/s 
?̇? flow rate, m3/s 
vm flow velocity within the membrane, m/s 
W channel width, m 
Whs heat sink width, m 
x position along length, m 
z position along height. m 
ΔP overall pressure drop, Pa 
ΔPc contraction pressure drop, Pa 
ΔPe expansion pressure drop, Pa 
ΔTlm logarithmic temperature rise, K 
Greek Symbols 
α aspect ratio of membrane channels, - 
λ the set of decision variables, - 
μ dynamic viscosity of the coolant, Pa-s 
ρ coolant density, kg/m3 
Subscripts 
i inlet channel-side surface 
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in inlet channel 
m membrane channel 
o outlet channel-side surface 
out outlet channel 
s side surfaces 
Acronyms 
AM additive manufacturing 
DMHS double-layer microchannel heat sink 
DMLS direct metal laser sintering 
FOM figure of merit 
MMC manifold microchannel 
PMM permeable membrane microchannel 
SFAS staggered flow alternation structure 
SLM selective laser melting 
SMC straight microchannel 
1. Introduction 
Additive manufacturing (AM) offers the potential to design high-performance parts due 
to its ability to fabricate complex structures that would be otherwise challenging or infeasible 
using conventional manufacturing methods. Commercially available AM methods such as 
selective laser melting (SLM) and direct metal laser sintering (DMLS) can 3D print a variety of 
metals with high thermal conductivities. These AM methods are promising for fabrication of 
thermal management devices such as heat exchangers, heat pipes, and microchannel heat sinks. 
Specifically, the ability to fabricate complex features with AM can be considered in the design of 
compact, high-performance heat sinks for high-heat-flux cooling applications, which has been of 
growing interest over the past few years. 
The design of heat sinks is largely dictated by the capabilities and constraints of the 
manufacturing methods, with notable performance gains historically aligned with adoption of 
new fabrication techniques (e.g., skived fins). With the advent of AM, many previous studies 
have demonstrated the ability to fabricate conventional heat sink designs to determine the 
limitations and challenges associated with the fabrication method. For example, Collins et al. [1] 
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experimentally characterized a straight microchannel (SMC) heat sink and a manifold 
microchannel (MMC) heat sink using AlSi10Mg and DMLS. Tsopanos et al. [2] fabricated 
cross-flow heat exchangers with rectangular microchannels using 316L stainless steel and SLM. 
Kirsch and Thole [3] fabricated an Inconel 718 air-cooled pin fin heat sink using laser powder 
bed fusion; experimental characterization of the heat sink showed enhanced thermal performance 
accompanied by an increased pressure drop due to high surface roughness.  
Surface roughness has been repeatedly identified in past work as having a strong effect 
on the performance of 3D printed heat sinks, with some research having explicitly studied 
methods to improve the surface quality. Snyder et al. [4] investigated the effect of build direction 
on the surface roughness of channels fabricated by DMLS. Rott et al. [5] analyzed the 
interdependency between surface orientation and laser incidence to predict and reduce the 
surface roughness of parts fabricated by laser powder bed fusion. Calignano et al. [6] analyzed 
the influence of process parameters, including laser power, scan speed, and hatch distance, on the 
surface roughness of aluminum parts fabricated by DMLS. They showed the surface roughness 
can be controlled using these parameters, and the scan speed had the greatest influence in their 
parametric space. Through a similar analysis of the process parameters, Mohammadi and Asgari 
[7] showed that a higher laser energy density and a lower beam offset yielded the best surface 
quality for AlSi10Mg parts using DMLS. Nagalingam and Yeo [8] proposed a multi-jet 
hydrodynamic approach to enhance the surface finish of internal channels that might be 3D 
printed within other parts. They used controlled cavitation with microabrasives to remove the 
surface irregularities and improved the surface quality by 60-90%.  
Some researchers have followed formal design approaches and used optimization 
methods to take advantage of the added benefit of AM. Dede et al. [9] used topology 
optimization to design an air-cooled heat sink, 3D printed this design in AlSi12, and 
experimentally compared the performance to conventional air-cooled heat sink designs. Their 
design had a higher coefficient of performance relative to the benchmark designs. Kirsch and 
Thole [10] performed shape optimization on communicating wavy microchannels for cooling of 
gas turbine components. They fabricated the designs optimized for decreased fluid momentum 
and increased heat transfer using laser powder bed fusion and experimentally demonstrated a 6% 
decrease in friction factor and a 9% increase in heat transfer for the two designs relative to their 
baseline. Lazarov et al. [11] used topology optimization to design a passive natural convection 
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heat sink and experimentally showed a 21% improvement compared to a commercially available 
benchmark. 
Past conventional manufacturing techniques generally prohibit the use of complex 
geometries such as connected channels, curved structures, porous parts, and many more features 
which are possible with AM. Several studies have generated novel, intuition-based thermal 
management devices that leverage such geometries to achieve enhanced heat transfer 
performance. Wong et al. [12] used SLM to fabricate and then experimentally characterize a 
series of conventional and novel air-cooled heat sink designs. Fasano et al. [13] 3D printed an 
AlSiMg novel pitot-tube-based air cooled heat sink using DMLS and achieved 95% performance 
improvement compared to a benchmark design. Thompson et al. [14] fabricated a flat-plate 
oscillating heat pipe using SLM in Ti-6Al-4V. Their design incorporated four integrated layers 
with circular channels, which are desirable for improved performance but difficult to achieve 
using conventional fabrication approaches. Tiwari et al. [15] designed a compact manifold 
microchannel heat exchanger using a conventional heat exchanger tubing and a 3D printed ABS 
manifold layer which creates complex flow paths for enhanced heat transfer performance. This 
design achieved heat transfer coefficients an order of magnitude higher than conventional heat 
exchangers. There are many applications of complex fluid flow channels embedded within other 
parts that have greatly benefited from the design freedom brough by AM; a comprehensive 
review of these applications can be found in Ref. [16].  
Independent of the growing interest in AM in thermal management, there has been many 
novel and complex heat sink geometries proposed in literature which can be leveraged by 3D 
printing technologies for improved performance. Yang and Cao [17] proposed a microchannel 
heat sink with manifold arrangement and secondary oblique channels (MMC-SOC). Through a 
multi-objective optimization analysis, in a follow-up study [18] they were able to demonstrate an 
18.8% reduction in thermal resistance at a set pumping power relative to a MMC heat sink. 
Moreover, Yang et al. [19] fabricated and experimentally tested MMC-SOC and MMC heat 
sinks. The MMC-SOC design achieved 24% reduction in thermal resistance and 11% reduction 
in pressure drop simultaneously relative to the MMC design. Shen et al. [20] proposed to use a 
novel staggered flow alternation structure (SFAS) to improve the performance of conventional 
rectangular double layered microchannel heat sink (DMHS). They studied the effect of flow 
arrangement and SFAS location on the pressure drop and thermal resistance through a 
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computational model. The thermal performance of the DMHS design was shown to improve 
through the use of SFAS, with significant dependence on the flow arrangement and the location. 
Lastly, Shen et al. [21] proposed a novel X-structured double layered microchannel heat sink (X-
DMHS) and compared this design with DMHS using numerical simulations. They showed that 
the X-DMHS design can achieve better thermal uniformity and lower maximum temperatures on 
the heated substrate. 
Recently, Collins et al. [22] designed a novel liquid-cooled permeable membrane 
microchannel (PMM) heat sink which incorporated 3D printed porous structures achieved 
through partial sintering of the printing powder by varying the laser parameters. The PMM 
design consists of an array of permeable membranes for heat exchange with the liquid, arranged 
in a single-layer-manifold configuration, with feature sizes and topologies that would be 
challenging to manufacture using conventional methods. They 3D printed and experimentally 
characterized the PMM design in AlSi10Mg using DMLS. The PMM heat sink achieved a 
reduced thermal resistance at a constant pumping power and a 56% reduced pressure drop at a 
set thermal resistance relative to a manifold microchannel heat sink design.  
The current study focuses on design optimization of the PMM heat sink to identify target 
feature sizes for AM fabrication, assessment of the conditions under which the PMM geometry 
outperforms other standard microchannel heat sink designs, and investigation of the surface 
roughness effects on the 3D printed PMM heat sink designs. Reduced-order flow and heat 
transfer models of the PMM heat sink and the SMC benchmark design are developed and then 
validated using numerical simulations. Velocity and temperature profiles in the PMM heat sink 
are investigated to determine the mechanisms that dictate the overall performance. Both the 
PMM and SMC designs are optimized using a multi-objective optimization approach at different 
operating conditions, and the optimized designs are compared to determine the conditions under 
which the PMM heat sink offer performance enhancement. Lastly, an SMC and a PMM heat sink 
are fabricated in AlSi10Mg using DMLS and the features within the printed parts are 
investigated using X-ray microtomography to inspect the ability of the 3D printing process to 
produce the optimal features. Hydraulic and thermal performances of the 3D printed heat sinks 
were experimentally characterized to identify any performance deviations caused by surface 




In the following section, the PMM heat sink geometry is introduced (2.1). Hydraulic and 
thermal modeling of the PMM heat sink and the benchmark design is explained, the optimization 
problem is formulated, and the decision variables are introduced (2.2). The fabrication method 
used for 3D printing of the sample heat sinks and the method of investigating the 3D printed 
parts is described (2.3). Lastly, the single-phase flow loop facility used in experimental 
characterization of the 3D printed heat sinks is explained (2.4). 
2.1 Permeable Membrane Microchannel (PMM) Heat Sink Geometry 
The overall thermal performance of a microchannel heat sink (MCHS) can be 
decomposed into a convection resistance and a caloric resistance. The caloric resistance is 
defined by the rise in temperature of the coolant due to the total sensible heat gain. The 
convective resistance is due to temperature difference between the coolant and the heat transfer 
surface, which includes temperature drops associated with the efficiency of any extended 
surfaces. There is an inverse dependence of the convective resistance on the hydraulic diameter 
of the flow; this resistance is localized to wherever the heat is exchanged between the surface 
and coolant. However, the caloric resistance is affected by the hydraulic resistance throughout 
the entire flow length of the heat sink; a lower overall hydraulic resistance will lead to a higher 
flow rate and lowered sensible temperature rise. 
The PMM heat sink design, as shown in Figure 1, is designed to capitalize on the tradeoff 
between the convection and caloric resistances by using small-hydraulic-diameter flow features 
for heat exchange (the permeable membrane) and incorporating large hydraulic diameter inlet 
and outlet channels in the same plane to minimize the overall hydraulic resistance. An array of 
straight porous membranes is aligned in the length direction of the heat sink. The membranes are 
separated by alternating inlet and outlet manifold channels. The inlet channels are capped at the 
outlet, and conversely, the outlet channels are capped at the inlet. Therefore, the coolant enters 
from the inlet channels where it travels along the length of the heat sink and is eventually pushed 
through the membrane due to the end caps at the end of the channels. The membranes are kept 
thin to avoid a high flow resistance. Even though the flow length across the membrane is short, 
the small hydraulic diameter of the membrane openings results in a low convection resistance, 
where most of the heat removal is expected to occur. After passing across the membrane, the 
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coolant travels along the outlet channel and leaves the heat sink. Most of the distance travelled 
by the flow is through the inlet and the outlet channels, which have comparatively large 




Figure 1. A 3D drawing of the permeable membrane microchannel (PMM) heat sink design with 
a zoomed view of the flow paths shown for a single repeating unit cell along the width . 
 
The well-known manifold microchannel (MMC) heat sink geometry follows a similar 
design approach. In MMC heat sinks, manifold layers having large inlet/outlet channels are 
placed atop a conventional straight microchannel heat sink such that there is a short flow 
distance through the small-hydraulic-diameter microchannels. The MMC heat sink geometry is 
explained in detail in Ref. [23]. The PMM design takes advantage of the ability of AM to 
fabricate complex geometries and incorporates the manifold and microchannels into a single 
layer, making it more compact compared to an MMC at the expense of reduced heat transfer 
area. 
 
2.2 Model Development 
Reduced-order hydraulic and thermal models of the PMM heat sink are developed to 
optimize the geometry and compare the performance to an optimized SMC heat sink. Laminar 
flow is assumed for the hydraulic and thermal models of the SMC and PMM heat sinks. The 
hydraulic model is solved to obtain the pressure distribution and velocity profiles. Then, the 
thermal model uses this velocity information to calculate the thermal resistance of a given PMM 
geometry. A straight membrane is used in this study for simplicity, however, membranes with 
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varying geometry can also be fabricated using AM. Collins et al. [22] modeled the permeable 
membrane as a porous structure formed of partially sintered 3D printing powder. As printing 
parts with intentional porosity is not well controlled by most commercial processes, the present 
work considers a membrane structure that is an array of rectangular pin fins with very tight 
spacing. Drawings of the SMC and the PMM heat sinks with zoomed views of the internal 
features are shown in Figure 2 with the design variables labelled for each. The overall thickness 
of both heat sinks consists of a solid base thickness (Hb) and channel/fin height (H). 
 
  
Figure 2. Drawings of (a) the permeable membrane microchannel (PMM) heat sink and (b) the 
straight microchannel (SMC) heat sink with zoomed top-down views of the internal features and 
the design variables. 
 
Some of the design variables depicted in Figure 2 are optimized, which are referred as the 
decision variables. Meanwhile, the other variables are user-defined and kept constant during 
optimization, which are referred as the fixed variables. Table 1 shows the fixed variables and the 
default values used for each. The default values are used throughout the paper unless stated 
otherwise. Properties of water are evaluated at 30 oC. 
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Table 1. Fixed variables and operating conditions with their default values used during 
optimization. 
 Variable/Condition Default Value 
Heatsink Geometry H (mm) 1 
 Hb (mm) 1 
 Whs (mm) 15 
 Lhs (mm) 15 
 Lh (mm) 4 
Coolant Properties ρ (kg/m3) 995.65 
(Water at 30 oC [24]) μ (Pa∙s) 797∙10-6 
 cp (kJ/kg) 4.18 
 kf (W/(m∙K)) 0.615 
Flow Condition ?̇? (mL/min) 200 
Heatsink Material  
(AlSi10Mg [25]) 
k (W/(m∙K)) 110 
 
 
 Besides the default coolant shown in Table 1, 48/52 water/ethylene glycol mixture is also 
used to study the effect of coolant on the PMM performance. The properties of the 48/52 
water/ethylene glycol mixture evaluated at 30 oC are shown in Table 2 below. 
 
Table 2. Properties of 48/52 Water/Ethylene Glycol mixture evaluated at 30 oC [24]. 
 
ρ (kg/m3) μ (Pa∙s) cp (kJ/kg) kf (W/(m∙K)) 
1076  372∙10-5  3.30  0.400  
 
PMM Hydraulic Model 
The overall pressure drop across the heat sink as well as the flow distribution along the 
membrane is needed to determine the overall performance of the design. The overall pressure 
drop across the heat sink is attributed to four components: the inlet/outlet channels, membrane, 
inlet/outlet headers, and contraction/expansion pressure drops. These components are 
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individually modeled and then incorporated into an overall hydraulic model which calculates the 
pressure drop and the flow distribution for a given PMM heat sink geometry. 
The volumetric flow rate in the inlet/outlet channels is respectively decreasing/increasing 
along the flow length. In the inlet channel, the flow rate decreases as the coolant is pushed 
through the membrane, which is referred as suction flow for the remainder of this paper. 
Consequently, the flow rate increases in the outlet channel due to incoming flow from the 
membrane, which is referred as injection flow. The pressure drop in suction/injection flow can 
differ significantly from a standard flow within a channel due to changing linear momentum 
along the flow and differences in velocity profiles caused by the flow into/out of the channels. 
These flows are commonly studied for filtration systems and the following pressure drop 
correlation (see  Oxarango et al. [26] for details) for fully developed laminar flow between 






































where Rew is the Reynolds number for the suction/injection flow rate and Ren is the Reynolds 
number for the channel flow where subscript “n” stands for subscripts “in” and “out” for the inlet 
channels and the outlet channels respectively. This correlation assumes uniform suction/injection 
at the walls, which is not true for the PMM channels. Therefore, flow length along the 
inlet/outlet channels is discretized into small segments and the suction/injection flow rate is 
assumed to be uniform within a given segment, but allowed to vary between each segment. 
Developing effects between segments is assumed to be negligible because the gradient of the 
suction/injection flow rate along the channel is expected to be small.  
The permeable membrane is modeled as an array of rectangular pin fins with very tight 
spacing between the fins. There is a significant pressure drop expected as the flow goes through 
the small channels in between the pin fins. The fully developed Fanning friction factor (fF,fd) is 



















where Rem is the Reynolds number of the flow in these channels. The flow length in the 
membrane is small and therefore developing effects are considered by calculating the Hagenbach 












The modeled PMM heat sink also has inlet and outlet headers as seen in Figure 1. The 
pressure drops in these headers are calculated using Equations 3-7, but using the hydraulic 





Additionally, there are non-recoverable pressure losses as the flow contracts into the inlet 
channels from the inlet header (ΔPc) and expands from the outlet channels into the outlet header 
(ΔPe). These pressure losses are estimated [29] as 
ΔPc=(0.5ρuin









where uin and uout are evaluated at the entrance of the inlet channel and the exit of the outlet 
channel, respectively. 
The flow distribution in the membrane and the flow speeds in the channels are not known 
priori. Thus, the component pressure drop correlations cannot be solved individually to estimate 
the overall pressure drop. Instead, the flow is discretized into small segments along the flow 
length, and the pressure correlations and the continuity equation are solved simultaneously for 
each segment using a nonlinear system of equations solver (implemented using MATLAB). 
 
PMM Thermal Model 
It is conservatively assumed that heat is only removed by the coolant from the membrane 
surfaces, ignoring the heat transfer at the bottom surfaces of the channels. The schematic 
drawing in Figure 3 shows a top-down view of the membrane and indicates the heat transfer 
paths as modeled from a single pin fin to the coolant, which assumes a uniform temperature at 
14 
 
any given cross-section along the fin height. The heat input from the fin base is removed through 
convection at the inlet-side surface (qi), side surfaces (qs), and outlet-side surface (qo). The tips of 
the fins are assumed to be adiabatic. It is assumed that there is no constriction resistance from the 












The rates of heat flow in Equation 11 are governed by internal convection with a uniform wall 
temperature (at a given cross-section of the fin), dependent on their respective logarithmic 




where subscript “n” stands for subscripts “i”, “s”, or “o”. 
 
   
Figure 3. A 3D drawing of a single repeating unit of the permeable membrane microchannel 
(PMM) heat sink design with a zoomed view of the pin-fin membrane and the heat transfer paths 
as modelled. 
 
As the coolant travels through the inlet channel, heat is removed from the inlet-side 
surface of the pin fins. It is assumed that the developing thermal boundary layer is sucked in 
through the membrane as it passes each gap between the pin fins, and therefore, the inlet-channel 
fluid temperature is uniform along the flow length. Consequently, the thermal boundary layer 
starts re-developing at the beginning of each pin fin on the inlet-side surface; however, it is 
assumed that the hydraulic boundary layer is fully developed along the length. The average 
Nusselt number correlation developed by Muzychka and Yovanovich [30] for hydraulically fully 
developed and thermally developing laminar flow in non-circular ducts is used to evaluate the 
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heat transfer coefficient. The same correlation is also used for the outlet-side surface heat 
transfer coefficient as the thermal boundary layer is expected to be disrupted by the incoming jet 
from the membrane.  
The flow is assumed to start developing both hydrodynamically and thermally as the 
coolant from the inlet channel enters the membrane. Therefore, the average Nusselt number 
correlation developed by Muzychka and Yovanovich [31] for combined entry in non-circular 
ducts is used for heat transfer within the membrane. The flow in this region is preheated by the 
inlet-side surface heat transfer, which is accounted in the logarithmic temperature rise term for qs 
in Equation 12. 
As Equation 12 has logarithmic terms, the energy equation is solved using a 1D finite 
volume method with a nonlinear system of equations solver (implemented using MATLAB). 
Unlike the inlet channel, the outlet channel temperature is not uniform along the flow length and 
depends on the heat extracted by the coolant from the upstream pin fins. Thus, the energy 
equation needs to be solved starting from the fin closest to the inlet header and the resulting fluid 
temperatures are used for the downstream fins. It is found that the contribution of the heat 
transfer from the outlet-side surface is relatively small for the optimum designs and is therefore 
neglected for computational efficiency. The maximum temperature at the membrane pin fin base 
and the 1D conduction resistance of the heat sink base thickness is used to calculate the overall 









Benchmark SMC Model 
A straight microchannel (SMC) heat sink is chosen as the benchmark design for 
comparison. To this end, an analytical model of the SMC heat sink is also developed. As for the 
PMM heat sink model, it is assumed the channels are a high aspect ratio and the flow and the 
heat transfer effects of the bottom and the top surfaces are ignored. The pressure drop considers 
contraction/expansion losses in the headers (Equations 9 and 10), developing laminar flow 
within the headers and the microchannels (Equations 3-8) with the hydraulic diameters defined 
based on the microchannel width (Wc) assuming flow between parallel plates. The flow is 
expected to be hydraulically and thermally fully developed by the end of the channels, where the 
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temperature will be highest due to the caloric resistance of the coolant and the reduced 
convective performance of fully developed flow. Therefore, the local Nusselt number correlation 
for fully developed laminar flow and the fin efficiency correlation for a straight fin with 
adiabatic tip, both by Incropera et al. [32], are used to calculate maximum fin base temperature 
of the heat sink. Equation 13 is used to determine the overall thermal resistance of an SMC 
design. 
Geometric Optimization Approach 
The geometries of the SMC and PMM heat sinks are both optimized under the same 
conditions before comparing their performance. A multi-objective optimization approach is used 
to design the heat sinks for low thermal resistance and low pressure drop. The multi-objective 








where m is a weighting factor (0 < m < 1), Rth is the evaluated thermal resistance, ΔP is the 
evaluated pressure drop, λ is the set of all decision variables that are being optimized, and f(𝜆) is 
the resulting single-objective function. Objectives Rth and ΔP are normalized by Rn=0.1 K/W and 
Pn=1 kPa to avoid an ill-posed optimization problem formulation. The weighting factor is varied 
between 0 and 1 to obtain the pareto optimality curves for each condition. The pareto optimality 
curves for the SMC and the PMM are compared for performance evaluation. 
The PMM consists of five decision variables, which are the inlet and the outlet channel 
widths (Win and Wout, respectively), the width of the permeable membrane (tm), the thickness of 
the rectangular pin fins (tf), and the gap size between the pin fins (Wm). The SMC consists of two 
decision variables, which are the fin thickness (tf) and the channel width (Wc). The objective 
function is minimized using the interior-point method (implemented using MATLAB) which 
starts the optimization using initial guesses for the decision variables and iteratively improves the 
design until convergence.  
 
2.3 Fabrication 
A pair of the optimized SMC and PMM heat sinks are 3D printed (GPI Prototype & 
Manufacturing Services) using DMLS (EOS M280) of AlSi10Mg (110 W/m-K [25]) to inspect 
the ability of metal 3D printing process to produce the optimal features. DMLS is a powder bed 
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method, where the metal powder is selectively fused together layer-by-layer using a high-power 
laser beam. The minimum solid feature size is limited to the size of the melt pool created when 
the laser beam hits the powder, which depends on the laser parameters and the material 
properties of the powder bed. To this end, a series of samples with fins of varying dimensions 
were fabricated and 150 µm was found to be the minimum solid feature size. The optimization of 
all the solid features within the SMC and the PMM heat sinks are constrained by this minimum 
to produce results that are aligned with the limitations of the DMLS process.  
Onset of turbulence at low Reynolds number in 3D printed channels due to high surface 
roughness has been observed by others in the literature (e.g., a Reynolds number of 600 for 
straight, 3D printed channels in Ref. [1]). The printed designs are chosen so that the resulting 
Reynolds numbers are below 600. The 3D-printed parts are examined using X-ray 
microtomography (Bruker microCT SkyScan 1172) to investigate any deviations from the 
intended designs. Cross-section images are created from the raw tomography projection images 
(SkyScan NRecon). CTVox software is used for thresholding the resulting greyscale cross-
section CT images with the Otsu’s method [33] and for 3D geometry reconstruction. 
 
2.4 Testing 
Experimental characterization of the 3D printed heat sinks is performed using the single-
phase flow loop previously reported by Collins et al. [22]. A brief summary of the facility is 
provided here, and the complete details can be found in the original text. A gear pump circulates 
deionized water through the loop and the working fluid is preheated to 30 oC before it enters the 
heat sink. A constant, controlled heat input is applied to the base of the heat sink from a 15×15 
mm2 copper block heated from below using a serpentine trace of nichrome resistance heating 
wire. A thermal gap pad is inserted at the copper–heat sink interface. A polycarbonate block with 
machined internal flow features routes flow into and out of the heat sink. A silicone rubber 
gasket is used to seal the interface between the top surface of the heat sink and the polycarbonate 
block. The heat sink is compressed between the polycarbonate block and the heater. Flow rate 
and pressure drop across the heat sink, and temperatures of the coolant at the inlet and the outlet 
of the heat sink, at the heater, and at the heat sink base are measured. Distinct from Ref. [22], 
three temperature measurements are taken along the base of the heat sink because the maximum 
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temperatures are expected to occur at different locations for the SMC and the PMM designs. The 
flow rate is measured using a turbine-style flow meter (McMillan Model 106, 20-200 mL/min), 
with a different range than used in Ref. [22]. The uncertainties of the sensors used in the facility 
specified by the manufacturers and resulting uncertainty in the thermal resistance calculations are 
listed in Table 3. 
Table 3. Measurement uncertainties. 
Parameter Type Uncertainty 
Pressure Drop Measured ± 0.172 kPa 
Volumetric Flow Rate Measured ± 2 mL/min 
Heatsink/Heater Temperature Measured ± 0.5 K 
Coolant Temperature Measured ± 1.0 K 
Voltage Measured ± < 1% 
Thermal Resistance Calculated 7.6% – 34.4% (200 – 25 mL/min) 
 
During testing, the flow rate is set at different levels in a range from 50 mL/min to 200 
mL/min in 25 mL/min increments. Heat is applied at each flow rate and the pressure drop and 
temperature measurements are recorded for a duration of 60 s at steady state; a time-averaged 
value is reported for each measurement. Steady state is assumed when the time averaged 
fluctuations in temperature are less than 0.1 K. In an effort to achieve a constant average coolant 
temperature across the heat sink at different flow rates, the heat input is set between 15 W to 60 
W in 7.5 W increments. The thermal resistance is calculated as defined in Equation 13 after the 
parasitic heat losses are subtracted from the total heat input. The heat loss from the test section as 
a function of temperature is calibrated as reported in Ref. [22]. 
3. Results 
In the following section, the reduced-order PMM model is validated against CFD and 
heat transfer simulations on ANSYS Fluent. The driving mechanism behind the PMM concept is 
identified and the optimal geometries based on this mechanism is determined through a multi-
objective optimization study. The performance of the PMM design is evaluated through 
comparison to the benchmark design, SMC heat sink, and the conditions where PMM has higher 
performance are identified. An optimized design for both heat sinks is fabricated using DMLS in 
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AlSi10Mg and the printed parts are investigated using X-ray microtomography to inspect the 
ability of metal 3D printing process to produce the optimal features. Lastly, pressure drop and 
thermal resistance of the fabricated heat sinks are experimentally characterized to determine the 
performance differences caused by the morphological deviations between the 3D printed parts 
and the modelled geometries. 
3.1 Model Validation 
The reduced-order model developed for the PMM heat sink is validated against 
computational fluid dynamics and heat transfer simulations implemented in ANSYS Fluent. Due 
to the presence of high aspect ratio channels (≈50:1 in the membrane channels) and a large 
number of small features (tens of channels in a membrane), a full 3D simulation of the domain is 
computationally expensive and unnecessary to represent a predominantly 2D flow situation. 
Instead, the validation model uses a 2D simulation domain space for a single unit cell as shown 
in Figure 4. The unit cell consists of a half inlet channel and a half outlet channel separated by 
the membrane (i.e., an array of rectangular pin fins). As defined in Figure 2, the PMM 
dimensions used for the validation case are as follows: Win = 150 μm, Wout = 300 μm, tm = 300 
μm, tf = 380 μm, Wm = 20 μm, and Lhs = 14 mm. Fully developed flow with an average velocity 
of 2.26 m/s is applied at the inlet, corresponding to an overall flow rate ?̇?= 300 mL/min for a 
heat sink with Whs = 15.5 mm. The outlet is set to a constant pressure. Symmetry boundary 
conditions are used at the centerlines of the inlet and the outlet channels (i.e., the lateral 
boundaries of the domain). Water is used as the working fluid with the properties defined in 
Table 1. Only the fluid region is simulated, the rectangular pin fins are defined with a uniform 
wall temperature of 50 oC, and the inlet fluid temperature is set to 30 oC. The numerical 
simulation domain is discretized into different number of rectangular grid cells for grid 
independence testing. The results are always reported for each grid resolution and indicate that 
grid independence is achieved at the highest resolution used. 
The resulting superficial flow velocity across the membrane predicted using both models 
are plotted in Figure 4. The velocity along the membrane is nonuniform and has a minimum near 
the center of the heat sink. Additionally, the validation model with the highest grid resolution 
predicts an overall pressure drop of 4170 Pa compared to 4400 Pa for the reduced-order model. 
The predictions indicate a good match between the models for both the overall pressure drop as 
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well as the velocity profile. An accurate velocity profile is required to capture the local 
maximum surface temperature in the PMM design.  
 
    
Figure 4. A drawing of the 2D numerical domain used for the validation of the reduced-order-
model with the boundary conditions labeled, and the resulting superficial flow velocity across the 
membrane comparing the validation and reduced-order-models. 
 
Figure 5 shows the flow temperature map around a single rectangular pin fin halfway 
along the 14 mm length of the PMM unit cell from the validation model with 1,344,000 grid 
cells. The coolant reaches the wall temperature before it passes through the membrane and into 
the outlet channel. Therefore, a majority of the heat transfer for the optimized designs takes place 
from the inlet-side surface and within the membrane channels, and there is negligible heat 
transfer to the outlet channel. The thermal resistance of the PMM heat sink is highly dependent 
on the thermal capacity of the flow rather than the convective heat transfer performance. A 
nonuniform velocity distribution in the membrane causes the flow capacity to be lower at 




Figure 5. Flow temperature map around a single rectangular pin fin halfway along the 14 mm 
length of the PMM unit cell obtained from validation model. 
 
In the reduced-order model, the inlet channel temperature profile is assumed to be 
uniform along the flow length as the developing thermal boundary layer gets sucked through the 
membrane, as shown by the validation model in Figure 5. The validation model predicts a bulk 
temperature rise of only 3 K in the inlet channel, confirming that this is negligible compared to 
the coolant temperature rise of nearly 20 K across the membrane. A single rectangular pin fin 
halfway along the 14 mm length is chosen and the amount of heat extracted from each of its 
faces is compared in Table 4 for both the validation model and reduced-order model. The total 
heat transfer rates between the reduced-order model and the validation model with the highest 
grid resolution match within 5.7%, with the deviation caused due to the error in the prediction of 
the flow distribution.  
 
Table 4. Heat transfer from each surface of a pin fin halfway along the 14 mm length of the 
PMM unit cell from the validation model and the reduced-order model. 
 qi/H (W/m) qs/H (W/m) qo/H (W/m) Total (W/m) 
Reduced-Order Model 185.2 129.0 - 314.2 
Validation Model     
85,750 cells 225.5 100.4 0.734 326.6 
336,000 cells 223.9 104.4 0.804 329.1 
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1,344,000 cells 225.3 107.1 0.838 333.2 
 
3.2 Evaluation of Design Variables and Optimal Performance 
The PMM heat sink performance is evaluated by comparing to the benchmark, optimized 
SMC. The relative performance of these heat sinks depends on the conditions used for 
optimization. Firstly, the two designs are compared at the default conditions from Table 1, and 
then the fixed parameters are varied separately to investigate the effects of each on the 
performance. The multi-objective cost function (Equation 14) used for the optimization considers 
both the hydraulic and the thermal performance by linear scaling of the pressure drop and the 
thermal resistance with a user-defined weighting factor. The pareto optimality curve at any given 
condition, which shows the trade-off between the hydraulic and the thermal performance, is 
obtained by performing the optimization across the full range of weighting factors between 0 and 
1. The optimum designs obtained are found to be independent of the initial guesses of the 
decision variables provided to the optimizer and therefore the effect of these initial guesses are 
not further discussed. 
 Figure 6 shows the pareto optimality curves for the SMC and the PMM heat sinks at the 
default conditions from Table 1. Any combination of thermal resistance and pressure drop on the 
side of the pareto optimality curve closer to the origin is not attainable for the given conditions. 
Tracing along the pareto optimality curves towards higher thermal resistance values corresponds 
to putting less weight on the thermal resistance term in Equation 14, and the design prioritizes a 
low pressure drop. Additionally, the minimum achievable thermal resistance limit (Rlim) under 
the given conditions is shown in Figure 6. This limit is specific to the conditions from Table 1 
and cannot be improved by the optimization process and is determined by the conduction 












Figure 6. Pareto optimality curves at the default conditions from Table 1 for the SMC and the 
PMM designs, and a zoomed in view of the pareto optimality curves at range of pressure drops 
commonly used for microchannel heat sink applications. 
 
The optimized feature sizes for the SMC and the PMM designs at 1.25 kPa and 20 kPa 
from Figure 6 can be seen in Table 5. For the PMM heat sink, the channel sizes become larger 
and the solid fin thicknesses become smaller to lower the pressure drop at the expense of 
increased thermal resistance. Similar trends are seen for the SMC heat sink; however, the fin 
thickness has reached the minimum feature size limitation of 150 μm and cannot decrease any 
further.  
Table 5. Optimized feature sizesfor the SMC and the PMM designs at 1.25 kPa and 20 kPa from 





Design ΔP (kPa) Wc (μm) tf  (μm) Win (μm) Wout (μm) Wm (μm) tm (μm) tf  (μm) 
SMC 1.25 221 150 - - - - - 
SMC 20 71 150 - - - - - 
PMM 1.25 - - 278 523 23 155 237 
PMM 20 - - 136 390 14 651 326 
 
The maximum base temperature in optimal PMM designs always occurs at the location of 
minimum flow velocity across the membrane, due the increased caloric temperature rise. Figure 
7 shows the superficial flow velocity across the membrane for the 20 kPa and 1.25 kPa PMM 
designs from Table 5. The 20 kPa design has thicker and wider pin fins with tighter spacing 
compared to the 1.25 kPa design. The resulting higher pressure drop across the membranes of the 
20 kPa design has a more uniform flow velocity, reducing the maximum caloric temperature rise 
of the coolant going through the pin fin arrays. In PMM heat sinks, the flow temperature within 
the channels of the membrane reaches the pin fin surface temperature before the coolant leaves 
into the outlet channel (Figure 5) due to the high convective performance achieved by suction 
flow at the inlet channel and the small channel sizes within the membrane (Wm). The reduction of 
the gap sizes and increased thickness and width of the pin fins for increasingly higher pressure 
drop designs shown in Figure 6 is therefore attributed to achieving a more uniform membrane 
velocity profile by increasing the pressure drop across the membrane, rather than improving the 




   
Figure 7. Superficial flow velocity profile across the membrane for the 20 kPa and the 1.25 kPa 
PMM designs from Table 5. 
 
Side–by-side comparison of the pareto optimality curves in Figure 6 for the PMM and 
SMC heat sinks gives a quantitative comparison of their performance. Within the range of 
pressure drops commonly used for microchannel heat sink applications (up to 20 kPa), optimized 
PMM heat sink designs lie to the left of the pareto optimality curve for the SMC heat sink and 
therefore can achieve lower thermal resistances at a given pressure drop. A Figure of Merit 
(FOM) is defined to evaluate the performance of the PMM designs relative to the SMC designs 






where the thermal resistances RSMC and RPMM correspond to that of the optimized designs at the 
same pressure drop, such that the PMM heat sink has a lower thermal resistance (better 
performance) relative to the SMC heat sink when FOM > 0. 
The FOM is calculated along the pareto optimality curves shown in Figure 6 and the 
resulting values are shown in Figure 8. Because two different heat sinks do not necessarily have 
designs that result in the exact same pressure drop for the same weighting factor, points along the 
curve are only compared when the pressure drops are within 5% for both designs. The PMM has 
better performance than the SMC within the investigated range of pressure drops. This 
performance benefit reaches a maximum around ~5 kPa and decreases at high pressure drops 
because the PMM’s advantage of a reduced hydraulic resistance, given the single-layer-manifold 
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configuration, diminishes as the cost function is dominated by the thermal resistance (i.e. if a 
high pressure drop is tolerable). At low pressure drops, the FOM decays rapidly after reaching 
the maximum at ~5 kPa. Further investigation of the optimization results shows that this 
maximum FOM corresponds to the point where the membrane thickness (tm) reaches the 
minimum solid feature size of 150 μm. The minimum feature size limitation handicaps the 
optimizer’s ability to reduce the pressure drop, and the thermal resistance of the PMM heat sink 
increases significantly.  
 
   
Figure 8. FOM (Equation 16) at different pressure drops from Figure 6. 
 
Pareto optimality curves analogous those shown in Figure 6 are obtained for the PMM 
and SMC heat sinks at additional flow rates differing from the default in Table 1. Figure 9 shows 
the thermal resistances of the designs at 5 kPa from the resulting pareto optimality curves. 
Thermal resistance of the PMM design decreases with increasing flow rate until it reaches a 
minimum at ~300 mL/min. The SMC design has a minimum located at a different point (~400 
mL/min), but the increase in the thermal resistance is much less severe and the SMC performs 




Figure 9. Thermal resistance of 5 kPa designs from pareto optimality curves generated at varying 
flow rates for the PMM and SMC with the minimum thermal resistance limit from Equation 15. 
 
Some of the fixed variables and conditions given in Table 1 are varied individually while 
the rest are kept at the default values. Pareto optimality curves are generated for both designs and 
the FOM is calculated from the designs at 5 kPa. The same process is repeated using a 48/52 
water/ethylene glycol mixture with the properties defined in Table 2. The effect of flow rate and 
coolant on the FOM can be seen in Figure 10.a. The most significant difference in the 
thermophysical properties between the coolants is the viscosity; water has an order of magnitude 
lower viscosity compared to a 48/52 water/ethylene glycol mixture. The PMM heat sink 
significantly outperforms the SMC heat sink when the 48/58 water/ethylene glycol mixture is 
used (e.g., FOM = 0.77 at 200 mL/min). This trend is attributed to the inherently low hydraulic 
resistance of the single-layer-manifold configuration of the PMM heat sink. Higher viscosity is 
expected to negatively affect the hydraulic performance of a heat sink. Therefore, the PMM 
design is able to put more weight on the thermal performance compared to the SMC heat sink at 
a given operating pressure. The FOM increases with increasing flow rate until it reaches a local 
maximum, which is a result of the differences in behavior of thermal resistance with respect to 
flow rate for each design as shown in Figure 9. The trends seen in Figure 10.b and Figure 10.c, 
which show that the FOM increases with increasing heat sink footprint area and decreasing 
channel height, can also be attributed to the superior hydraulic performance of the PMM design. 
For the design with water and 0.5 mm channel height, the membrane width (tm) reaches the 
minimum feature size of 150 μm, handicapping the relative performance improvement of PMM 
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over SMC and causing the trend to reverse. Larger footprint area corresponds to an increased 
flow length, and smaller channel height corresponds to a larger mass flux, both which negatively 
affect the hydraulic performance. Among the range of variables investigated, the largest 
reduction in thermal resistance achieved by the PMM design is 68% relative to the SMC at 200 
mL/min flow rate, 0.5 mm channel height, 15×15 mm2 footprint area, and 5 kPa pressure drop. 
 
  
Figure 10. FOM (Equation 16) of 5 kPa designs from pareto optimality curves generated at 
varying (a) flow rates, (b) heat sink footprint areas and (c) channel/fin heights for water and 
48/52 water/ethylene glycol mixture. 
29 
 
3.3 X-Ray Microtomography of the 3D Printed Heat Sinks 
The SMC and PMM heat sinks are optimized at the default conditions shown in Table 1 
with a few modifications for compatibility with the pre-existing test facility where LHS = 15.5 
mm, WHS = 15.5 mm, and Hb = 1.25 mm. Designs corresponding to a pressure drop of 5 kPa are 
chosen from the resulting pareto optimality curves for fabrication to inspect the ability of metal 
3D printing process to produce the optimal features. Distinct from previous optimization results 
where the membrane fin thickness (tf) was optimized with a constrained minimum size of 150 
µm, the membrane thickness is not optimized and is kept constant at 150 µm for 
manufacturability. Table 6 shows the optimized dimensions of the SMC and PMM heat sinks and 
the resulting as-printed dimensions that are extracted from the X-ray microtomography scans. 
The large surface roughness complicates the identification of the feature dimensions due to the 
local variations within the heat sinks. Therefore, the as-printed dimensions shown in Table 6 are 
estimated by averaging of several measurements taken from the X-ray images. Note that these 
notional values provide an indication of the approximate dimensions but are not meant to 
represent an effective hydrodynamic or thermal dimension of the features. The surface roughness 
of the parts is calculated from the X-ray scans using the arithmetic average of the absolute 
deviations from the estimated mean feature sizes, with a mean roughness of Ra = 17.4 µm on the 
order of the feature sizes.  
 
Table 6. The optimal and the as-printed feature sizes for the SMC and PMM designs. 
 
 
Design Condition Wc (μm) tf  (μm) Win (μm) Wout (μm) Wm (μm) tm (μm) tf  (μm) 
SMC Optimal 119.8 150.0 - - - - - 
SMC As-Printed 139.8 130.2 - - - - - 
PMM Optimal - - 166.1 377.0 13.6 344.2 150.0 
PMM As-Printed - - 318.8 520.8 26.7 200.2 137.3 
 
 
A top-down photograph of the printed SMC heat sink and a cut side view of the 
reconstructed scan of the channels is shown in Figure 11. The channel and fin feature sizes are 
close to the optimal feature sizes as shown in Table 6. However, the high surface roughness, on 
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the order of the channel size, is clearly visible. Increased surface area, decreased flow area, and 
tortuous flow paths caused by the surface roughness are expected to decrease the thermal 





Figure 11. (a) A top-down photograph of the 3D printed SMC heat sink, and (b) a cut side-view 
of the microchannels reconstructed from X-ray microtomography scan. 
 
A top-down photograph of the PMM heat sink, as well as multiple zoomed views of the 
membrane reconstructed from the microtomography scans, can be seen in Figure 12. There is a 
notable deviation between the optimal feature sizes and the as-printed features sizes, as 
compared in Table 6. Specifically, the inlet and the outlet channels are ~150 μm larger than 
optimal, as the width of the membrane (tm) are smaller by the same. The membrane is modeled 
and designed as an array of rectangular pin fins, but the high surface roughness, which is even 
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larger than the optimal gap size itself, results in many interconnections between neighboring fins, 
as is clear from Figure 12 (c-d). Nevertheless, the resulting morphology generally consists pin-
like structures separated by pores that span across the membrane depth and have a hydraulic 




Figure 12. (a) A top-down photograph of the 3D printed PMM heat sink, (b) a zoomed view of 
the inlet/outlet channels and the membrane, (c) 3D reconstruction of a portion of the membrane 





3.4 Experimental Characterization 
The printed heat sinks are experimentally characterized using the facility and procedures 
described in Section 2.4 to determine the performance differences caused by the morphological 
deviations between the modelled geometries and the 3D printed parts. The experimental results 
are compared to model predictions for the 3D printed SMC heat sink in Figure 13. As-printed 
feature sizes from Table 6 are used for the model predictions to demonstrate that the model can 
predict the hydrodynamic and thermal performances when the 3D printed heat sink dimensions 
are known. Although the design is chosen from the pareto optimality curves at 5 kPa for a flow 
rate of 200 ml/min, the experimentally measured pressure drop is 8.7 kPa at this flow rate due to 
the high surface roughness. To account for this surface roughness of the printed part, the 
reduced-order model is modified using the constricted flow model presented by Kandlikar and 
Schmitt [34]. The constricted flow model reduces the channel size by the mean roughness of 
17.4 µm from all surfaces. excluding the top surface where a silicone rubber gasket is used to 
seal the interface between the heat sink and the polycarbonate block. With this modification, the 
reduced-order model has a good match with the experimental results, show a maximum deviation 






Figure 13. Pressure drop and thermal resistance of the 3D printed SMC heat sink from Figure 11 
at varying flow rates determined from the experiments and reduced-order model. 
 
The experiments and reduced-order model are also compared for the printed PMM heat sink 
and the results can be seen in Figure 14. As-printed feature sizes of the PMM heat sink from 
Table 6 are used for the model predictions. The constricted flow model [34] is used to account 
for the roughness in the inlet and the outlet channels. However, the constriction model cannot be 
used for the channels of the membrane because the channel sizes are on the order of the surface 
roughness. There is a noticeable difference between the model prediction and the experimental 
results. The reduced-order model underpredicts both the pressure drop and the thermal 
resistance. There is a maximum deviation of 63.7% in the pressure drop and 27.0% in the 
thermal resistance between the two models. This deviation is mainly attributed to the non-
uniform geometry of the resulting membrane morphology and is explained as follows: 
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• The fins have an elliptical shape and therefore the gap sizes vary along the depth of the 
membrane with a small constriction at the center. This is expected to result in a higher-than-
expected pressure drop in the experiments which will not be captured by using an average 
gap size in the model. 
• The complex flow paths in the PMM design are expected to cause an earlier onset of 
turbulence. The maximum Reynolds number in the tested PMM heat sink at 200 mL/min is 
~505 at the inlet/outlet channels, slightly below the onset of turbulence of 600 for straight, 
3D printed channels in Ref. [1]. Any turbulent behavior is expected to result in a higher 
pressure drop in the inlet/outlet channels than the prediction with the laminar flow 
assumption. This can also create flow non-uniformity in the membrane, causing an increase 
in thermal resistance.  
• Due to the interconnects between the pin fins created by the surface roughness, the gaps 
within the membrane are highly non-uniform in shape, size, and location. This is expected to 
result in a different convective heat transfer behavior than the modeled uniform-straight 






Figure 14. Pressure drop and thermal resistance of the 3D printed PMM heat sink from Figure 12 




The permeable membrane microchannel (PMM) heat sink is inspired by the unique 
capabilities of additive manufacturing (AM) and uses a single-layer-manifold configuration for 
reduced pressure drop and a permeable membrane structure for effective heat dissipation. 
Reduced-order models are developed for the PMM heat sink and a benchmark, straight 
microchannel (SMC) heat sink. The two designs are optimized, and their performance compared 
across a range of conditions. An optimized design for both heat sinks is fabricated using direct 
metal laser sintering (DMLS) in AlSi10Mg. The geometries of the 3D printed parts are 
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investigated using X-ray microtomography and their pressure drop and thermal resistance are 
experimentally characterized. The following key conclusion are drawn: 
• The thermal performance of the PMM heat sink is highly dependent on the uniformity of 
flow passing across the permeable membrane structure. The optimizer prefers a thick 
membrane with small channels to create a high hydraulic resistance, which results in a 
uniform flow distribution across the membrane and avoids large local temperature rises. 
• Relative to the SMC benchmark, the PMM heat sink is preferable under conditions where 
maintaining a low pressure drop is prioritized due to its single-layer-manifold configuration 
(e.g., using high viscosity coolants and for heat sinks with very low profiles or large footprint 
area). However, the benefit of using the PMM heat sink diminishes when a high pressure 
drop is available for use. 
• The optimum feature sizes of the PMM heat sink are on the order of the surface roughness of 
additively manufactured parts printed using DMLS. The high roughness alters the geometry, 
especially for the small pore features in the membrane, and can significantly affect the 
performance. Although the PMM design has promising performance potential based on 
model predictions, fabrication challenges make it critical to calibrate the DMLS fabrication 
process for accurate 3D printing the optimized designs. It is recommended that future work 
develop empirical correlations for channel and membrane geometries printed by DMLS to 
overcome these implementation challenges. 
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